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B doping plays an important role in improving the conductivity and electrochemical properties of Si anodes for Li-ion batteries.
Herein, we developed a facile and massive production strategy to fabricate C-coated B-doped Si (B-Si@C) nanorod anodes using
casting intermediate alloys of Al-Si and Al-B and dealloying followed by C coating. The B-Si@C nanorod anodes demonstrate a
high speciﬁc capacity of 560 mAg-1, with a high initial coulombic eﬃciency of 90.6% and substantial cycling stability. Notably,
the melting cast approach is facile, simple, and applicable to doping treatments, opening new possibilities for the development
of low-cost, environmentally benign, and high-performance Li-ion batteries.

1. Introduction
The increasing requirement for large-scale energy storage
devices has triggered the development of high-energy density
Li-ion batteries (LIBs) [1–5]. Among various anode materials, Si has been regarded as a promising candidate because
of its superior theoretical speciﬁc capacity of 4200 mAhg-1
[6] and appropriate charging potential (0.4 V vs. Li+/Li) [7].
However, the practical application of Si anodes suﬀers from
a severe challenge because of poor cyclicity arising from their
huge volume change (greater than 300%) and low conductivity. In addition, their low initial coulombic eﬃciency has also
impeded the development of practically viable Si anodes [8].
In view of the aforementioned problems with Si, the synthesis of nanostructured Si, such as nanoparticles, nanowires,
nanotubes, and nanosheets, is a feasible strategy to alleviate
the detrimental eﬀects of Si volume expansion and improve
long-term cycle stability [9–11]. Nanostructured Si can eﬀectively shorten the transmission path of electrons and lithium
ions [12]. Although these studies have achieved good results,
improvements in the conductivity of Si remain limited
because of the semiconductor properties of Si itself. At the
same time, the preparation of nanostructured Si often
requires rigorous experimental conditions such as high vac-

uum, high temperatures, high pressures, and even highly
toxic reaction materials. In addition, low product yields make
industrialized production diﬃcult [13, 14]. These conditions
limit the further application of nanostructured Si materials
in LIBs.
Element doping is an eﬀective way to improve the conductivity of Si materials. Yi et al. [15] successfully prepared
boron-doped porous Si by adding B2O3 to a SiO thermal
disproportionation reaction. Boron doping can eﬀectively
improve the microcapacity of Si-C composites at high
current densities. The results show that B-doped Si-C composites exhibit better rate performance than undoped Si-C
composites. Chen et al. [16] prepared B-doped porous Si
nanoplates with high crystallinity via an air oxidation
degaussing method using p-type Si wafers as raw materials.
Compared with the original material, the B-doped material
exhibited greatly improved conductivity. The Si material
has excellent cycling performance and high initial coulombic
eﬃciency. Our previous work has shown that a large number
of defects formed during synthesis of Si nanorods are conducive to the earlier occurrence of stress relaxation from brittle
Si to plastic Li × Si [17]; accordingly, defects such as dislocations, twists, and stacking faults can eﬀectively improve the
cycle life of Si nanorods. Bindumadhavan et al. [18] studied
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B-doped reduced graphene as an anode material for LIBs.
They found that B doping was related to the formation of a
large number of defects in the matrix. Therefore, B doping
treatment increased not only the electron density but also
the defect number, which is favourable for increasing the
electron transfer rate [19] and improving the cyclicity of
Si anodes arising from a stress release induced by defect
accumulation [20].
At present, the most common B doping methods are
oxidation-reduction and solid-state sintering methods, both
of which demand harsh reaction conditions and are unsuitable for massive production, hindering further development
of Si as an anode material for LIBs [21–23].
With the exception of B doping, carbon coatings not only
improve conductivity but also stabilize the structure of Si.
Gao et al. [24] prepared a Si@C composite anode material
with a core-shell structure using PZS as a pyrolyzed carbon
source. The results show that the material has a stable
structure and improves the cyclic stability and conductivity
of Si anode materials.
Herein, we propose fabricating a C-coated B-doped Si
(denoted as B-Si@C) nanorod composite using casting intermediate alloys of Al-Si and Al-B and dealloying Al followed
by C coating using polydopamine as a carbon source.
Compared with the traditional Si anode material, the BSi@C anode displays an initial coulombic eﬃciency as high
as 90.6% and maintains a capacity of 560 mAhg-1 at
1000 mAg-1 for 500 cycles as well as good rate capability.
These promising results suggest that B doping in Si by melt
casting is a successful method for large-scale production of
element-doped nanostructured Si materials, which can eﬀectively improve the comprehensive electrochemical properties
of Si anodes and potentially be commercialized for highperformance Li-ion batteries.

2. Experimental
2.1. Material Preparation and Structure Characterization.
B0.5-Al-Si13 ingots were ﬁrst prepared by casting Al-Si and
Al-B intermediate alloys in a medium-frequency induction
furnace at 720-780°C followed by rapid solidiﬁcation. After
acid etching the Al in the ingots and ﬁltering, the obtained
B-doped Si was C coated using as anode materials for LIBs.
The alloys used in this study were purchased from Xuzhou
Huayang Aluminum Co., Ltd. Dopamine was used as a
carbon source, and Tris was used as a buﬀer to prepare a layer
of C on the surface of the B-doped nanosilicon anode material. A total of 0.5 g of B-doped Si was added to 10 M Tris
buﬀer (200 ml, adjusted pH = 8:5). After ultrasonic dispersal
for 30 min, 0.5 g of dopamine was added, and the solution
was ultrasonically dispersed for an additional 20 min. The
mixed solution was stirred for 24 h under aerobic conditions
to self-polymerize. The obtained mixture was ﬁltered and
washed with deionized water several times. B-Si@PDA was
subsequently obtained by vacuum drying the mixture at
70°C. Finally, the obtained B-Si@PDA was placed into an
empty drying oven and the temperature was increased at a
rate of 5°C min-1 to 800°C and maintained at this temperature for 2 h to obtain B-Si@C.
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2.2. Material Characterization. The morphology of the BSi@C composite materials was characterized by scanning
electron microscopy (SEM, S4800, Hitachi, Japan) and transmission electron microscopy (TEM, Jeol 2100F). Wide-angle
X-ray powder diﬀraction (XRD) patterns were collected on
an X-ray diﬀractometer (Ultima IV, Japan) equipped with a
Cu anode (V = 40 kV, I = 20 mA) at a scanning rate of 5°/s
in reﬂection mode over the 2θ range from 10° to 90°. Raman
spectra were recorded on a micro-Raman system (LabRam
HR Evolution, France), and X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Thermo Scientiﬁc
K-Alpha photoelectron spectrometer equipped with monochromatic Al Kα X-ray source.
2.3. Electrochemical Performance Tests. The prepared B-Si@C
was mixed with graphite and acetylene black in a certain proportion to prepare the anode active material, and sodium
alginate was used as a binder to evenly grind and mix the
powders. The ground powder was evenly coated onto copper
foil, and the coating amount was approximately 0.9-1.9 mg.
The copper foil was placed in an 80°C vacuum drying box
for 24 h and then pressed into sheets. LiPF6, ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate
(DMC) were mixed proportionally as the electrolyte, and
Celgard 2400 was used as the separator. A lithium sheet
served as the opposite electrode. A button battery was assembled in a glove box ﬁlled with Ar gas and was tested at room
temperature after 24 h. The voltage range of the anode charge/discharge was 0.01-1.5 V; the current density of the ﬁrst
four cycles was 100 mAg-1 and during later long-term cycling
was 1000 mAg-1.

3. Results and Discussion
3.1. Structure and Properties of the Materials. The XRD patterns of the B-doped Al-Si13 eutectic alloy, B-free Al-Si13
eutectic alloy, B-Si@C, and Si@C are shown in Figure 1. All
of the XRD peaks of the eutectic Al-Si ingots can be well
indexed to those of Si (JCPDS No. 77-2111) and Al (JCPDS
No. 85-1327) (Figures 1(a) and 1(b)). No other peaks are
observed, which implies that only Al and Si phases exist in
the Al-Si ingots. The inset ﬁgure shows an enlarged view of
the (111) peak. This peak shifts to a lower angle because of
B doping. According to Bragg’s law,
nλ = 2d sin θnλ = 2d sin θ:

ð1Þ

The diﬀraction peak shifting leftward to a lower oﬀset
indicates an increase in the distance between planes, which
contributes to the enhancement of the Li+ intercalation/deintercalation. Therefore, B doping in Si can eﬀectively enlarge
the [111] plane spacing and enhance the Li+ ion diﬀusion.
B doping enables Si to obtain larger Li-ion transmission
channels in the (111) direction, which increases the transmission rate of the lithium ions [25]. In addition, the peak intensity decreasing of B-Si@C samples after B doping indicates
that B doping in Si produces a certain eﬀect on the crystallinity of Si. The strong diﬀraction intensities and sharp peaks
indicate that the ingots have high crystallinity. Compared
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Figure 1: XRD patterns of B-doped Al-Si13, B-free Al-Si13, Si@C,
and B-Si@C.

with the XRD diﬀraction patterns before and after dealloying
Al (Figures 1(c) and 1(d)), the (111), (220), (311), (400), and
(331) planes of Si are visible at 28.70°, 47.50°, 56.30°, 69.3°,
and 78°, respectively, and the peaks of Al disappear. This
result indicates a good etching eﬀect and that Al in the alloy
can be completely removed. From the XRD patterns of BSi@C and B-Si, it is found that are diﬀraction packages near
24°, corresponding to pyrolytic carbon generated after PDA
being pyrolyzed and carbonized. However, this pyrolytic carbon peak is not sharp and wider, indicating that the C coated
exists in the form of amorphous carbon [18].
To further conﬁrm the presence of B in Si, we conducted
XPS analysis of B-Si@C (Figure 2). Figure 2(a) shows the
peak at 99.7 eV corresponding to Si0 and the weak peak at
103.8 eV corresponding to Si4+ [24]. This weak peak may be
due to a small amount of SiOx formed after dealloying or
exposure of fresh silicon to air. The SiOx phase can eﬀectively
alleviate the volume eﬀect of the active materials in the
process of lithium insertion and removal [18]. As shown in
Figure 2(b), the B1s peak was detected near 191.5 eV [25],
which indicates that B was successfully doped into the material [16]. The content of B is 3.5% (atomic percentage) as
determined by XPS, which is slightly less than the 5% composition ratio. This discrepancy likely indicates that a small
amount of B is ablated during the smelting. The C peak was
also detected near 285 eV (Figure 2(c)), indicating that the
carbon layer was coated onto the Si surface. The carbon content was 1% (atomic percentage).
To determine the structure of the C coating, Raman spectroscopy was used to detect B-Si@C (Figure 3). The peaks at
1335 cm-1 and 1610 cm-1 correspond to the peaks of amorphous carbon (D-band) and graphitized carbon (G-band)
[26], respectively. The intensity ratio between the D-band
and the G-band (I D /I G ) reﬂects the degree of graphitization
of the carbon. The larger the I D /I G ratio, the lower the degree
of graphitization. The I D /I G value in the study is 0.7, indicating that the coated carbon has a low degree of graphitization

and is close to amorphous carbon. This observation is consistent with the XRD analysis results. Compared with the standard Si single crystal peak, the Si peak shifts by 10 cm-1
toward lower wavenumbers, i.e., it exhibits a red shift. This
shift is attributed to a decrease in the stress and strain around
Si after B doping [17]. The peak intensity clearly decreases
after doping with B. These results both indirectly indicate
that B is present in the Si materials.
Figure 4 shows SEM micrographs of the B-Si@C material.
The Si nanorods with widths of 200-400 nm are uniformly
distributed. Compared with the previously reported Si [16],
the morphology and size of Si diﬀer greatly. Figure 5(a)
shows TEM images of the B-doped Al-Si13 alloy. The addition of B induces a large number of very ﬁne twins in the
Al-Si eutectic alloy. The widths of these defects are very narrow, only 10-40 nm. The distribution of the twin defects is
very uneven. In some regions, the twin density is high, while
in others, the twin density is low or nonexistent. Figure 5(b)
is a high-resolution image that shows a large number of twins
in the matrix. The measured spacing of the lattice plane is
0.31 nm, which matches well with that of the (111) plane of
the cubic diamond structure of Si. Defects such as dislocations and twins occur more easily on the (111) plane because
of the low stacking fault energy; the stacking faults are shown
in Figure 5(b) as parallel dark lines. According to the
impurity-induced twinning theory proposed by Lu and Hellawell, dopant atoms can adhere to the front of the solidliquid interface of eutectic Si, which prevents the eutectic Si
from growing into blocks or ﬂakes by a step-growth mechanism [25]. The addition of B changes the stacking order of
the Si atoms and produces numerous twins in the eutectic
Si, thus changing the growth direction of the eutectic Si.
The selected area electron diﬀraction (SAED) results
(Figure 5(c)) also conﬁrm the existence of microtwin defects.
Symmetrical axial twins in the (022) and (022) directions are
observed. Figure 5(d) shows a TEM image of B-Si@C. The Si
nanorods are 200-400 nm wide, and the C coating with a
thickness of 50 nm is evenly and completely wrapped on
the surfaces of the Si nanorods.
3.2. Electrochemical Performance Tests. Figure 6(a) shows the
cyclic voltammetry curve of B-Si@C at a scanning rate of
0.1 mV from 0 V to 1.5 V. In the ﬁrst discharge scan, the peak
at 0.25 V matches the Si insertion process to form an amorphous Li × Si phase. During the ﬁrst charging process, a signiﬁcant peak appears at 0.55 V, which may be caused by the
phase transition between Li × Si and amorphous Si [18]. In
the second and subsequent cycles, a reduction peak is present
at approximately 0.2 V, corresponding to the alloying of Li
with amorphous Si [24]. The peak current value increases
with increasing number of scans, indicating that the active
material is gradually activated. The electrochemical performances of B-Si@C and Si@C in CR2032 coin batteries were
compared in the range 0.01-1.5 V. The ﬁrst and the 100th
charging/discharging proﬁles based on B-doped and
undoped Si@C anodes shown in Figure 6(b) indicate that
the ﬁrst discharge capacity of B-Si@C is 1813.8 mAhg-1 and
that the initial coulombic eﬃciency is as high as 90.6%, both
of these values are much higher than those of the undoped
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Figure 2: XPS of the prepared B-doped Si samples: (a) Si XPS spectra, (b) B1s XPS spectra, and (c) C1s XPS spectra.
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Figure 3: Raman spectra of samples Si and B-Si@C.

Si@C (1060.6 mAhg-1 and 86.4%). In the 100th cycle, the BSi@C anode still maintains a high reversible capacity of
680 mAhg-1, indicating good reversibility of the B-Si@C
anode.
We also tested the cycling stability of the B-Si@C and
Si@C anodes, as shown in Figure 6(c). The current density
for the ﬁrst four charge-discharge cycles was 100 mAg-1 and
was subsequently increased to a high current density of
1000 mAg-1. The cycling performances of B-Si@C, Si@C,

and Si over 500 cycles show that B-Si@C still maintains a
high capacity of approximately 560 mAhg-1 that is hardly
attenuated from the 20th to the 500th cycle. The capacity of
the Si@C anode also remains relatively stable; however, the
capacity is only 320 mAhg-1. The capacity of the Si anode
decreases to 100 mAhg-1 after 100 cycles because the Si structure is damaged during charging/discharging. In conclusion,
the results show that B doping into Si can signiﬁcantly
improve the long-term cycling stability of Si-based electrodes
at high current densities. In addition to a high ﬁrst coulombic
eﬃciency and long-term stability, the B-Si@C composites
also exhibit good rate performance, as shown in
Figure 6(d). The rate capability of the B-Si@C anodes was
measured at diﬀerent current densities from 0.1 to 4 Ag-1.
When the current densities are 0.1, 0.25, 0.5, 1, 2, and
4 Ag-1, the discharge capacities are 2740, 2390, 1920,
1650, 840, and 460 mAhg-1, respectively. When the current
is restored to 0.25Ag-1, the discharge capacity also almost
recovers to the original capacity (2390 mAhg-1). The good
cycle life and rate performance of B-Si@C are attributed to
its low internal resistance.
Impedance measurements of the batteries after two cycles
are shown in Figure 6(e). The AC impedance spectra of the
two materials are composed of a half circle at high frequency
and an oblique line at low frequency. The semicircle in the
high-frequency region is related to the interface impedance
and charge transfer impedance of the electrode, and the
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Figure 4: SEM image of B-Si@C.
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Figure 5: Microstructure of the B-doped Al-Si13 and B-Si@C: (a) TEM image of the B-doped Al-Si13; (b) high-resolution image of Al-Si13;
(c) SAED pattern of the B-doped Al-Si13; (d) TEM image of B-Si@C.

oblique line in the low-frequency region is related to the diffusion of lithium ions in the electrode materials [27]. The BSi@C anodes exhibit a smaller semicircle than the Si anode in

the mid-high-frequency region, which means that the conductivity of the B-Si@C anode is enhanced and its charge
transfer resistance is reduced compared with those of Si.
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The steeper slope of the low-frequency line in the spectrum
of B-Si@C compared with that in the spectrum of Si@C
indicates that B-Si@C is in better ionic transmission state.
We also compared the conductivity of B-Si@C, Si@C, and
Si powders; as measured with a powder conductivity meter,
the results show conductivities of 2:0 × 10−4 Sm−1 for BSi@C, 3:4 × 10−6 Sm−1 for Si@C, and 6:7 × 10−7 Sm−1 for Si.
The conductivity of the B-Si@C powder is two orders of magnitude greater than that of B-free Si@C and higher than that
of Si (even three orders). These results imply that B doping
and C coating both eﬀectively improve the conductivity of
Si and thus enhance its multiplier performance.
The excellent cycling stability of the B-Si@C anodes is
attributed to the following factors. Firstly, the melt-cast Si
surfaces with high crystallinity are resistant to oxidation,
somewhat inhibiting the occurrence of electrochemical side
reactions and reducing the consumption of Li+ ions in the
insertion/disinsertion process [28, 29]. Secondly, when B is
doped into Si, some tetravalent Si are replaced by trivalent
B to produce holes, and these holes usually generate negative
charges that improve the conductivity of Si and further
improve the electrochemical performance of the electrode
[30–32]. Thirdly, B doping can promote the formation of
abundant defects such as twins, dislocations, and faults in
Si. The occurrence of these defects can release the stress accumulated during later cycling and eﬀectively alleviate the volume expansion of the Si anode in the charge/discharge
process, thereby greatly improving the cycle stability of the
Si anode.

4. Conclusions
C-coated B-doped Si nanorod materials were successfully
prepared from Al-Si and Al-B alloys through simple melting
and casting, acid leaching of Al, followed by application of C
coating. Compared with the traditional Si anode material, its
conductivity is greater. The Li+ ionic transmission rate and
charge transfer are increased. In addition, the unique defect
structure alleviates pulverization of Si during charging and
discharging, eﬀectively improving the cyclic stability and rate
performance of Si as an anode material. The B-Si@C anodes
deliver a capacity of 560 mAhg-1 at a current density of
1000 mAg-1 over 500 cycles with an initial columbic eﬃciency of 90.6% as well as a good rate capability of
840 mAhg-1 at 2 Ag-1 and 460 mAhg-1 at 4 Ag-1.
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